


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations l. Thesis and Dissertation Collection, all items 


1975-03 


An experimental study of Taylor-Goertler 
vortices in a curved rectangular channel 


Flentie, David Lee 


http://hdl.handle.net/10945/20857 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
| IC D U DLEY research materials and institutional publications created by the NPS community. 
A Ze Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


Im KNOX appointed — and published — scholarly author. 

OM LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


AN EXPERIMENTAL STUDY OF TAYLOR-GOERTLER 
VORTICES IN A CURVED RECTANGULAR CHANNEL 


David Lee Flentie 


(ube, 
yteraduate scnool 
VIGATETEY, California 93940 








ps 


pei 


AENA 


Ker cn 


ea 
Rua 





s m" X 
z Tr 3 


pare 
“ERAS 
be 
PX 


3 
= 
=. 


& 
emm 
Em 
DS ZE 
„= 
u. 
~ 
rà 
N 
4 «€» 
" 
ES 
oe 
Za 


£ E 
Kan 
SIE 
E my 
NETU 


Rua R 
Fa 


ORI. KA 


Du 
1 Rz 


OE 1502 
go er 
asa š 
are 

ETs 

Es 

c. 

gn = 

se, 

PO a 3 
ms 
Sen eet 


eo 
Sr 
Ko ae 


er 


A 
» 
a 
= 
WOW ANC 
La zo ug 


a Ada > 
^3 uk 
eno 
aar) 
ema; 


re 


-— 
s 
XH 
cart 

xm e 
ted) 


P À Pi 
Grey, U 


ETS 


e 
A A 
t 
(TDA Qut] 
X p 


“a 
E 


(7 ER] 
4 





Nev’ 
4 
3 
4 - 
e, T 
`Y 
A 





^ i Pr wg . mie 
LTT AE © Wine 
A Fu 1 


4 - E t 
H fuse Co E vw 





E, MST. RT TE TARA AE EEE LITE VELO RE NES, =e, ? 


-AN EXPERIMENTAL STUDY CE TAYLOR-GOERTLER 
VORTICES IN A CURVED RECTANGULAR CHANNEL 


by 


David Lee Flentle 


PEO MALET PARTS PT POTAZ 


Matze. 1975 





esis ACV ESO: Matthew Kelleher 


P TZ AFA" "p OVA ET La 8 PRE SPA EE! E CERE EE. LI) SES: LL PLP TI EI EAE VASER D ERA E D R LARE OIT, 


Approved for public release; distribution unlimited, 


1167504 





e od 4 


SECURITY CLASSIFICATION OF THIS PAGE (When Data Entored) 


Hr LE EE = READ INSTRUCTIONS | 
REPORT DOCUMENTATION PAGE BEFORE COMPLETINX<, FORM 


|. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER 












a TITLE (and Subtitle) $. TYPE OF REPORT A PERIOD COVERED i 


An Experimental Study of Taylor-Gcertler Mas tet Slice sans, 


Vortices in a Curved Rectangular Channel LEE Jo 
6. PERFORMING ORG. REPORT NUMBER 


8. CONTRACT OR GRANT NUMBER(S) 


7. AUTHOR(e) 





David Lee Flentie 


ER PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK $ 
AREA & WORK UNIT NUMBERS È 
Maval Postgraduate School 
Monterey, California 93940 
11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE 
Naval Postgraduate School Mar Vo Na 
13. NUMBER OF PAGES 


Monterey, California 93940 


4. MONITORING AGENCY NAME & ADDRESS(if different from Controlilng Office) | 15. SECURITY CLASS. (of thie report) 


Naval Postgraduate School Unclassified 
Monterey, California 93940 


ESP OR Bye De oa ener E en 


15e. DECLASSIFICATION/ DOWNGRADING 
SCHEDULE 


$6. DISTRIBUTION STATEMENT (of thie Report) 


Approved for public release; distribution unlimited. 










m eg ERE, i = 


+ 


DISTRIBUTION STATEMENT (of the ebstrect onterod In Block 20, If different from Report) 


x 


DET ET ET r LT LIO N Pn 


. SUPPLEMENTARY NOTES 


vý RA RTP LAT AI emm SL + 


. KEY WORDS (Continue on reveres sido if necessary end identify by biock numbor) 


La MADEIRA IRIS AE er. 


| 


. “ABSTRACT (Continus on reverse vide Jí neccseery end tdantity by block menber) 


Dee menlanzeross section channel, designed and built 
Nec to create the laminar secondary Taylor-Goertler 
a modified to expand the experimental invest- 
igation of the vortex flow. The modification allowed the hot 
oa nenas ter” used to Obtain velocity profiles, to be moved 
an both the radial and transverse direction. This additional 


° ` rea UD A DP NYE COP PA drn o 





Tom Zeche 





ue SNMP Ku 


ORM ; 
Dn Kd R 147 EDITION OF 1 HOV ¢8 1S OBSOLETE 


m cu x - S ] 
(Page 1) S/N 0102-214- 6601 | «xx. ETS eee - 
C SECURITY CLASSIFICATION OF THIS PAGE (hen Dsca Entered, 








time lassi Lied / 


SECURITY CLASSIFICATION OF THIS PAGE¢hen Deta Entered: 


iz egdonspermatkced a rectangular cross section of the flow to 
esa ted it was concluded that the onset of Taylor- 
Goertler vortices was in agreement with existing information 
Mr Msi or he vortices increased with increasing 
mine! jcc anascurzuient Fluctuations grew within the vortex 
ager i asias comeluded that flow in a curved channel 
sese dee ottone normally parabolic velocity 








jo pa Le shi cine the maximum mean velocity toward the concave 
wall. 


V P m DA 
— ar m a t AED SER PERI EE EA AT IT DE PZ sa a AE ES TT EEE amm — — * 


œ o ve Ee 


5 
a PRATI E CTE ICG A o A m 





DD Eo i 1473 (BACK) 2 
a 


ID nelas ie 
S/N 0102-014-6601 SECURITY CLASSIFICATION OF THIS PAGE(When Data Intzrac) 


A te 
— —À A A Á 








Ren e Met A | knot. lavlov-6Goertler 
Vortices in a Curved Rectangular Channel 


by 


David b5eemi tertie 
Lieutenant Commander, United States Navy 
B.9., United States Naval Academy, 1964 


SEU COD partial Ltulftiliment of the 
requirements for the degree of 


MASTER OF SCIENCE IN MECHANICAL ENGINEERING 


from the 





m 


Navai Posteraduate School 
Monterey, California 93940 


ABSTRACT 


PE ecctanonlar cross section channel, designed and built 
ies Mckee to create the laminar secondary Taylor-Goertler 
u flow, was modified to expand the experimental invest- 
igation of the vortex flow. The modification allowed the 
Mire anemometer, used to obtain velocity profiles, to 
ie/moved in both the radial and transverse direction. This 
additional freedom permitted a rectangular cross section of 
bilico to be investigated. It was concluded that the onset 
Eu  "orv5oertler vortices was in agreement with existing 
m mat ton, that the intensity of the vortices increased 
K increasing flow rate, and turbulent fluctuations grew 
Meee tne vortex structure. It was also concluded that flow 
Ex curved channel resulted in distortion of the normally 
mobolic velocity profile shifting the maximum mean velocity 


bonard the concave wall. 
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I. INTRODUCTION 





RR DESCRIPTION OF TAYLOR-GOERTLER VORTICES 

roi peciconsiderabie evidence compiled that 
imarcates a fully developed laminar flow along a concave 
sari section does not remain purely two-dimensional. It has 
Deen demonstrated experimentally that such a flow pattern 
Me a system o£ counter- rotating vortex pairs (Figures 1 
BO 2] whose axes are in the direction of mean motion. 

lips secondary flow pattern is caused by the variation 
SIE niriuiugal forces on fluid particles at different loca- 
îs in the flow. The velocity profile of a viscous fluid 
Ma ly developed laminar flow between parallel plates is 
ma bolic. Because of this profile, there exists a region 
mene center or the channel whose velocity is relatively 
compared to the velocity of the fluid in close proximity 
she concave aud convex wall surfaces. The fluid with 
E rc cinetic energy, in the center of the channel, is sub- 
Eu to creater centrifuçal forces and therefore has a 
Memm@ercy to move toward the concave surface. This motion 
d aces fluid along the concave surface which then moves 
Ber center of the channel and replaces the fluid that has 
rina ihe fluid now in the center of the channel 
geo the higher flow velocity and the rotation is 
Plies Gyolic motion forms the counter-rotating 


ÎI Londa oo cler vortices. 
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RES BRA: HISTORY 

Mie stability of an avast) wduid moving in concentric 
urs was first studied by Lord Rayleigh [1] in 1916. In 
INE Investigation of flow between rotating cylinders, he 
determined the stability criterion for invisid flow to be 
ERR the product of the local circumferential velocity and 
Mo cal radius Of Curvature either increase or at least 
Bar constant as the radius increases. 6. 1. Taylor [2] 
continued the work of Rayleigh and examined extensively, 
nowwunalytica:!ly and experimentally, the flow of viscous 
i between rotatins cylinders. He found that when the 
Ner cylinder rotates and the outer cylinder remains sta- 
Mary, the motion becomes unstable when the dimensionless 
Mavior nurber, 

Taylor number = ReY/d/ro 

sei 3 value of about 41. in the eauation above, d is 
e pacing between the cylinders, which is assumed small 


compared with r pn arm the inner. cysnder. Ro is 


CH 
RER Cynolds number Based on the circumferential velocity of 
er cylinder and the length d. For values of Tavlor 
Euer greater than 41, the critical value, a secondary motion 
E with the famisiar cellular form. 

DEN CS [3] was the first to consider the similar type 
F Ccability that occurs when a viscous fluid flows in a 
meio due to a pressure gradient acting around the 
channel. The problem considered by Dean was a channel formed 
IN wOmGconcemt;ic cy@indcrs, the spacing between the cylinders 


1] 





Bene small when compared to the radius of the inner cylinder. 
Dean determined that instability will first arise when the 
Dean number, 

Dean number = PN Y. 


Eu cater than 56, where the Reynolds number, R Sa Sea 


e» 
"the mcan velocity of the unperturbed flow. It was deter- 
fered that a cellular type pattern of secondary flow vortices 
Bi exist similar to those of Taylor's experiments. W. Reid 
Acer examined the work of Dean and verified his analytical 
results by a simplified method. 

E 040. Goentler |5| investigated the stability of 
emanar boundary layer profiles on slightly curved walls rel- 
NE UC to small disturbances, in the shape of vortices, whose 
îi no parallel to the principal direction of flow. Goerther 
duelli fron numerical calculations that amplified disturb- 
NOCE were produced only on the concave walls. Further analysis 
a lced information about stability limits, ranges of vortex 
wave lengths that can be amplified, and the transition from 
mar to turbulent flow. Goertler's approximations have 
EE confirmed with exact solutions by G. Hammerlin [6] and 
meen extensive numerical analysis by A. M. O. Smith [7]. 

R Persen [8], in 1965, investigated the effect of Taylor- 
Meemerer vortices on the transfer of heat across laminar 
boundary layers for special cases of very high and very low 
Prandtl numbers. He determined that the overall effect of 


Wise vortices was to increase the rate of heat transfer 


[Oe ue boundary layer. It should also be mentioned that 
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cie Scherberg concept, described in private communications 
icon M Scherbere and L. Persen [19], of local instability 
fixes attention on the geometry of the stream lines of the 
Mow rather than the geometric configuration of the surround- 
mun which the flow takes place. (This concept appears to 
EN Nrestatement of Rayleigh's criterion.) This concept 
increases the scope of information derived from flows in 
murved channels enormously. The first experimental work on 
Bl ElFect of Taylor-Goertler vortices was reported by 
bimbi Gormack et al. [9] in their 1970 study. Cheng and 
Ee ma | 10), in 1970, calculated the laminar forced convec- 
mu xhest transfer in rectangular channels. They considered 
channels with various ratios of width to height at values of 
Ni mber up to 500. Analytic and experimental results for 
my developed, constant wall heat flux, square cross sec- 
tional area, curved channel flows were obtained by Y. Mori 
muU Uchida [11] in 1967. 

mMylor-Goertler vortices are a phenomenon of laminar flow 
wey affect the transition from laminar to turbulent flow. 
(See H. Liepmann [12]). These vortices have similarities to 
ucc vortex flows such as wing tip vortices and the vortex 
Ru cn forced convection heating of fluid layers described 
ONE paper by M. Akiyama et al. [13]. The striations seen 
Nu capnation points on blunt bodies and the cross-hatching 
observed on reentry vehicles has been explained, at least in 
part, by the presence of Taylor-Goertier vortices (See M. Tobak 
[14]). 


15 





There are many possible applications that could result 
from an improved understanding of Taylor-Goertler vortices. 
A few such IN. could be improved turbine blade 
Seong, improved surface cooling techniques, and a better 
understanding of the transition between laminar and turbulent 
o, Curved channels occur frequently in fluidics devices 
amd an increased understanding of Taylor-Goertler vortices 
5 lead to design improvements. Heat exchangers could be 
esemed that take advantage of the low pressure drop associ- 
ated with laminar flow and the improved heat transfer char- 


RoOPoristics of the flow with vortices present. 
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UNE OBE PROBLEM 


Pee NIENT OF THIS STUDY 

Lieutenant Mckee [15], in his Masters Thesis, made a 
amas led study of the effects of secondary flow on the velocity 
pochile at one point in a curved channel of rectangular cross 
Se@emonal area. The direction of this study was to continue 
the work of McKee and follow his recommendations to modify 
Bie existing equipment so that the hot wire probe used in 
NIE investigation could be moved across the channel in a 
spanwise direction. In this way, the size and nature of the 
NEE generated could be investigated. It was also the 
Mut oi this study to investigate the flow characteristics 
mihne Critical point at which secondary flow develops and 


eee consition from laminar to turbulent flow occurs. 


ieee ESIGN REQUIREMENTS 

"ucpapparatus built by McKee was used for this study 
With several modifications. The considerations that went 
ano Nchee's design were that the limit of stability oi the 
psc laminar flow in a curved channel was that presented 
by Reid. If the Dean number, defined as 

De = (Ud/v)/d/rc , 

Recadinho valve of 36, it is presumed that Taylor-Goertler 
vortices will be present. It was also known that the rate 


NU e o vortices develop is depenaent to some degree on 


how much greater than 36 the Dean number becomes. It has been 


JUS 





NE il ied Chat the size o! the vortices will depend on the 
NE es los ot the channel. Taylor-Goertler vortices on curved 
Mmnels have varied in size from that of the boundary layer 
Besten times larger, depending on geometric factors» 
lie upper limit of the Dean number was taken as 150, as it 
N assumed that this provided a sufficient range for the 
teest to become fully developed. 

INE minimum critical Reynolds number, based on hydraulic 
diameter, at which turbulent flow is observed in a parallel 
Bl el was given by G. Beavers et al. [16] as Re = 2200. It 
was reported by several investigators, including H. Liepmann 
ERR RO Nunge [17], that the decrease in critical Reynolds 
mer due to curvature is small, especially for large radii 
ego vature. The range of Reynolds number selected for 
een of the experimental apparatus was from 100 to 2000. 
NOS determined the Reynolds number could be accurately 
je red throughout this range. 

imemettects of such variables as the working fluid, the 
channel height, and the flow rate on the Reynolds number and 
Nor number were checked, It was realized that the radius 
@mecurvature also effected the Dean number. A trial and error 
Eod was used to select the height Amora ob Ene channel 
uc section. The following inequality in the Reynolds number 
Luoechecked to give the range of velocities, 

100 < Re < 2000. 

The inequality in the Dean number given below was then checked 
lo ci ve the radius of curvature, 
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S0 De < 150. 

Ji desien variables were considered feasible when the velocity 
range was practical to obtain and easy to measure, and when 
mussrasdrius of curvature was reasonable for construction. The 
Nun selected by McKee had a ratio of radius of curvature 
to plate spacing of 48. Air was selected as the working fluid 
"Em water because water required a much more complex con- 
Ex LIOn to prevent leakage from the channel. Also, the 
flow velocities at which water satisfied the Reynolds number 
and the Dean number were too low to measure by ordinary means. 
E "th Of the entrance region was checked to insure it 
Dot excessive. An entrance contraction section was de- 
ENUNed 1n accordance with considerations given by M. Cohen 
mm Ritchie [18] to insure smooth entering flow. Plexiglas 
Deu elected as the material for the walls of the channel 
use it was workable, transparent, and inexpensive. 

It was hoped that the results obtained would be comparabie 
LO infinite parallel plate solutions, therefore an aspect 


dio Of 40 was chosen. 


IN DESCRIPTION OF THE APPARATUS 
ie cross section of the channel was 0.250 inches high 
and 10.0 inches wide. The aspect ratio was 40 and it had a 
Mees Sectional area of 0.017361 square feet. The hydraulic 
diameter of the channel, defined as 
Dy = 4A/P, 
was 0.04065 feet. The channel was made of two one-quarter 


Bie tibekesieets or plexiglas separated by rolled metal 


Jr 





kem whieh also formed the sides of the channel. The 
mnel was composed of three segments: a four foot long 
jmirance section, the curved section consisting of a 180 
Mearee turn with a radius of curvature of the interior con- 
wer wall of one foot, and a short straight section. 

me Flow of the air was introduced to the channel through 
con traction section attached to the beginning of the entrance 
meen and covered by a cheese cloth screen. The flow left 
the channel through an exhaust nozzle which was connected by 
Fable tubing to a Fisher and Porter Company variable area 
meow meter, model number 10A3565. The rotometer had a 100% 
iN scale flow rate of 11.1 standard cubic feet of air per 
ec and an accuracy of + 0.55 of full scale. The flow was 
Mam through the channel by an electrically driven Cadillac, 
E 405612. centrifugal blower. The blower speed was controlled 
Irving the motor voltage with a variac. The voltage was 
Ei lied by a Sorenson, R1050, A.C. voltage regulator. 

ne measurement ol the velocity profile was done by using 
OBO miniture hot wire anemometer probe, Thermo Systems, Inc. 
ES000/779. which had a 90-degree bend in the supports. This 
MOD was located 29 inches of arc length down stream from 
HIE tart of curvature and swept along a line from the center 
Nero: the channel outward two inches toward the side of the 
channel (See figure 3). The probe was placed in a plug and 
meee onp the convex wall of the channel. The inside 
surface of the plug had the same radius of curvature as that 


oBStEherenannel and it fit flush with the inside surface. 
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18010350 inch diameter body of the hot wire anemometer 

o uded from the plug and was fastened to a micrometer 
Barrel which was mounted on the traversing assembly. The 
traversing assembly was driven by a DISA, type 55H01, travers- 
Pomme cnanism and permitted the probe to be driven along a 
Ec? horizontal slot that had been machined in the convex 
wall of the channel. The plug was attached to a plastic belt, 
one inch wide and 0.010 inches thick, that ran along a hori- 
En sroove that had been machzned on the interior side 
Suche convex wall. The belt was used to seal the exposed 
posuon of the slot from the internal flow as the probe moved 
Bean side to side. 

The leads from the probe were connected to a DISA, type 
55D01, constant temperature anemometer. From the anemometer 
BROSS gznal was processed through a DISA, type 55D10, linear- 
Wi DISA, type 55D30, D.C. voltmeter and finally input 
gli the Y-axis of a Hewlett-Packard, model 7035B, X-Y recorder. 
NESSrzversing mechanism provided the X input to the X-Y 
www. The micrometer barrel that permitted the probe to 
memmoved in a radial direction was graduated in 0.001 of an 
Bu lurbulence was monitored by a DISA, type 55D35, RMS 
Meter and a Tektronix, type 531, oscilloscope. A Thermo- 
sins, Inc. calibrator, model 1125, was used to calibrate 
Ot wire anemometer and to determine the proper constant 
E io Lo the linearizer to produce a linear response to 


e nonlinear output of the probe. 
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FIGURE 4, Flow diagram of electronics. 
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III. HOT WIRE MEASUREMENTS 


EXPERIMENTAL PROCEDURES 

We sub miniture hot wire anemometer probe that was to be 
used in the experimental work was connected to the anemometer 
unc The cold resistance of the wire was measured as 8.08 
elise The anemometer's operating resistance was set at a 
Bee of 12.12 ohms, based on an overheat ratio of 1.5. The 
Mbe was centered in the test chamber of the calibration 
Ber A filtered air supply was connected to the calibrator 
nn the pressure drop across the calibrator flow nozzle was 
measured by an inclined manometer. With the anemometer in 
the operational mode, the flow rate through the calibration 
Mas adjusted to several different predetermined levels. 
The output voltage of the bridge in the anemometer unit was 
@emmected to a digital voltmeter and to an RMS meter where 
Bes recorded along with the pressure drop in inches of 
emas indicated by the manometer. This data was reduced 
being the tabulated values in the technical manual for 
e calibration unit. Using the reduced data, the curve 
plotting mean velocity versus voltage was obtained. The 
output signal from the anemometer bridge was then connected 
eMo linearizer unit and a trial and error method was then 
Edo determine the correct values to convert the fourth 
power relationship existing between flow velocity and output 


iile a eo ue probe to a linear relationship. It was 
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ca od — 


determined that the exponent value-of 2.10 and gain value of 
isco set on the dincarizer provided the most linear output 
mene region to be investigated. 

The hot wire anemometer probe was removed from the 
W.ilWibration unit and inserted as far into the mounting as 
possible. The mounting block for the micrometer barrel was 
ME med! tol the stem of the probe. The range of settings 
on the micrometer barrel went from 0.500 inches, when the 
probe was in contact with the convex wall, to 0.250 inches 
when it was in contact with the concave wall. In order to 
Below for small irregularities in the wall surface, it was 
determined that the range of investigation would be over 
the micrometer variation of 0.400 inches to 0.260 inches.. 
This range would allow the investigation of the prime area 
ësst est that of the concave wall, to be examined down 
ENS) inches from the surface while protecting the probe 
NOM damage caused by slight irregularities on the surfaces. 

Prior to taking any data, the blower and all electronic 
equipment were allowed to warm up for a period of several 
memes. After sufficient warm up and with the stability of 
BE acourpment verified, the vertical and horizontal scales 
EU. X-Y recorder were set using a constant voltage source. 
Several preliminary runs were made at various flow rates to 
determine the scales that would produce the best graphic 
ame play. A transverse sweep length of two inches was deter- 


mined to provide an adequate area for investigation. 
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The first series of data runs was intended to investigate 
the flow characteristics at four separate flow rates. At 
Fehr or these flow rates, the probe would be driven across 
PIE channel at six different locations in the flow. These 
Is L ]Ons went from a position 0.100 inches from the convex 
Mises urface to a distance of 0.025 inches from the surface 
Of the concave wall. It was observed that when the assembly 
was driven in the transverse direction and then reversed at 
the same micrometer setting and flow rate that the result was 
BENE TPocity pattern of the same magnitude and characteristics 
um sliohtly displaced in location. After close investigation 
as determined that this variation was caused by the torque 
ii ced On the probe by the traversing assembly. In order 
that a detailed comparison could be made between the velocity 
profiles at various flow rates, it was determined to take all 
with the sweep proceeding in one direction only. 

FOr, each run at a particular flow rate, the blower speed 
was adjusted and the equipment was allowed to stabilize for 
approximately thirty minutes before data was taken. The 
Bemperature of the entering fluid was taken, by mercury 
enermometer, every hour as the experiment proceeded. The 
flow rates corresponding to Reynolds numbers of 811, 1060, 
1269, and 1518 were examined in detail. 

The next area of investigation was to examine the lower 
Flow rates and investigate the critical Reynolds number at 
which Taylor-Goertler vortices become apparent. This was 


accomplished by adjusting the flow rate to the smallest value 
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m eurable on the rotometer and setting the probe to a 
micrometer adjustment of 0.025 inches away from the concave 
wall. Investigation was started at a Reynolds number of 209. 
The flow rate was increased in small increments until the 
okbaeteristics of the vortices became apparent. 

mie rinal area of investigation was to determine the 
LN ety profile of the vortices in the radial direction. 
This was accomplished by locating the probe along the trans- 
verse direction until a velocity maximum was indicated while 
the flow rate was maintained at a Reynolds number of 1047. 
lE flow rate was selected because it provided large, 
distinct velocity fluctuations. At this location the trans- 
verse drive was stopped and the probe was moved radially 
Pomme. LOO inches from the convex wall to 0.010 inches from 
the concave wall in increments of 0.020 inches. The hori- 
come scale of the X-Y recorder was changed to indicate the 
BOT the probe into the channel. After this profile had 
Peemmconmpleted, the probe was again moved in the transverse 
direction until a velocity minimum was encountered. At this 
point the traversing assembly was again stopped and the 


procedure described previously was repeated. 


i DISCUSSION OF RESULTS 

Mie velocity measured by the probe was only that existing 
in a plane perpendicular to the measuring wire. Because of 
Ami tation, the velocity profile recorded and shown in 
Enc figures which follow was the vector sum of the radial 


and circumferential velocity. The Reynolds number for the 
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ioMFowing figures was defined using the mean velocity indi- 
cated by the rotometer and hydraulic diameter of 0.04065 feet. 
Figures 8 through 13 show the measured velocity at a 
i nolds number of 1060. It was observed that as the distance 
BOM the concave wall increased the magnitude of the velocity 
fluctuations decreased. It was also apparent that the vortices 
were uniform and evenly spaced, as would have been concluded 
mom the work of Goertler. Figures 14 through 19, Reynolds 
punber of 1518, apparently demonstrated the onset of turbu- 
lence, but it was also noted the periodic characteristics of 
iii vortices persisted. These figures indicated that the 
Menttude of turbulent fluctuation was small in the region 
orovelocity maximums when compared to the magnitude in the 
earen region of the vortex. It was also apparent that 
turbulent fluctuations decreased as the sensor moved toward 
me n er of the channel. Figures 20 through 25, Reynolds 
Mie: of 1269, are similar to those of 8 through 13 except 
suri increase in the magnitude of the velocity fluctuation 
and mean velocity. This result was expected with the increased 
NOW rate. There was also an increase in the strength of the 
cond vortex from the left in comparison to the others present. 
Figures 26 through 31 demonstrated the velocity profile at a 
Reynolds number of 811. From these results it was evident 
Bau the periodic variation was very slight even though the 
rate was well above the flow rate at which the vortices 
should have formed. Figures 32 and 34, Reynolds number of 


1047, demonstrated that the mean velocity maximum did not 
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Aer at the center of the channel but was displaced in the 
direction of centrifugal force, toward the concave wall. 
This result was in agreement with the findings of McKee and 
also those of Mori, Uchida, and Ukon in their investigation 
Below in curved channels of square cross section. It was 
ada noted that this shift was not apparent at the vortex 
er, demonstrated by figure 33. It should be pointed out 
ba figures 32, 33, and 34 represent a radial velocity pro- 
ine at vortex edge, vortex center, and vortex edge respec- 
tuvely. Figure 35 demonstrated that, as the flow rate was 
Mr eased from a Reynolds number of 209 to 340 the velocity 
apparently increased in that portion of the observation area 
ML cst to the center of the channel. The critical value of 
Teamenumoer rs 56, and based on this the critical value of 
b->melds number is 245. The distinct periodic variations 
were not observable until the Reynolds number was in excess 
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PECI TON 


ne study of velocity profiles ne from Taylor: 
ee i ler vortices in a curved channel of rectangular cross 
son has led to the following conclusions. The vortices 
s mn strength and number as the flow rate increased. It 
li also concluded that for the particular section of flow 
iN tieated the initial formation of the vortices was in 
memeement with the critical value proposed by Dean. In 
Barton, turbulence in this case did not occur as a step 
change but rather as a smooth transition growing in a regular 


Mame r within the vortex structure. 
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V. RECOMMENDATIONS 


several recommendations could be made following the 
sompbietion o£ this study of Taylor-Goertler vortices. Ad- 
ditional flow visualization could be done to improve the 
understanding of vortex formation and expansion. Motion 
pictures would be an improvement in the flow visualization 
reehniques used by McKee. 

The next step in anemometer study would be the modifica- 
tion of the test apparatus to permit the investigator to move 
Elie probe in a circumferential direction around the curved 
section in addition to the radial and trans erse movement now 
jvamlable. This additional dimension would permit investiga- 
bongo vortex growth in relation to distance, Also, rotation 
me. probe orientation by 90 degrees would allow investiga- 
wo the transverse velocity field to be attempted. Rope- 
EN LO the vortex field would become sufficiently prominent 
EN Uercome concomitant mean flow velocity effects and thus 
permit closer evaluation of stability criterion. 

lE was apparent that an improved method of measuring the 
mean velocity should be developed, permitting a greater 
resolution for future studies. Improved resolution would 
permit more exact investigation of critical areas such as 


initial vortex development and the initiation of turbulence. 
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